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Abstract 

The left-right twin Higgs model contains a new vector-like heavy top quark, which mixes with 

Oh. 

1^ ' the SM-like top quark. In this work, we studied the single vector-like top partner production 



via process 67—)- I'eTb at the International Linear Collider. We calculated the production 



^ , cross section at tree level and displayed the relevant differential distributions. The result shows 

a^ 

■^ ' that there will be 125 events produced each year with -v/s=2TeV and the integrated luminosity 

(N ' 

^N ■ dnt — 500/6~^, and the b-quark tagging and the relevant missing energy ^r cut will be helpful 

O . to detect this new effect. 

cn 
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I. INTRODUCTION 

The top quark was first observed at Ferminlab Tevatron in 1995 [l] and is by far tlie 
lieaviest elementary fermion. Due to tfie large mass, the top quark decays rapidly before 
forming any hadronic bound state. Furthermore, the top quark has many properties 
different from other quarks, so it occupies a special position in the standard model(SM) 
and is often speculated to be sensitive to the new physics. For these reasons, probing the 
properties of the top quark is always one of the forefront topics at the various high energy 
collider. 

The twin Higgs theories use a discrete symmetry in combination with an approximate 
global symmetry to stabilize the Higgs mass. This mechanism can be implemented in left- 
right models with the discrete left-right symmetry [2]. In the left-right twin Higgs(LRTH) 
model, a vector-like top quark is introduced in order to give the top quark a mass of the 
order of electroweak scale. There is mixing between the SM-like top quark and the heavy 
top quark so that the top quark couplings can be modified. At the LHC, a single vector- 
like top quark can be produced dominantly via s-channel or t-channel W or Wh exchange, 
while the production of the vector-like top quark pair can be produced dominantly from 
gluon exchange. The productions and decays of the vector-like top quark at the LHC 
have been described in detail in Refs.[3|]. If this effect can be detected, it will be the most 
compelling evidence of the new physics. 

Duo to the complicated QCD background, the measurement precision of the LHC is 
limited. By contrast, the background of the International Linear Collider(ILC) is very 
clean so that it will allow unique opportunities to study the properties and interactions 
of the SM top quark and vector-like top quark. Besides the e~^e~ collider mode, the 77 or 
67 collider mode can be realized by the backward Compton scattering at the ILC[4]. The 
search for deviations from the SM couplings in single top quark production has become 
one of the main focus in the on-going and forthcoming collider experiments J5|]. In this 
paper, we study the process e~7 — )■ UeTb, the results will be helpful to test the SM and 
the LRTH model. 

This paper is organized as follows. In Sec. II we give a brief review of the LRTH model. 
In Sec. HI we calculate the production cross section of the process 6^7 — > UeTb and the 
differential distributions of several observables at the ILC. Finally, we give our conclusions 



and some comments in Sec. IV. 



II. A BRIEF REVIEW OF THE LRTH MODEL 



The LRTH model was first proposed in Re: 
Feynman rules have been studied in Ref. 



6Jand some phenomenological analye and the 
7[. In this section we will briefly review the 



essential features of the LRTH model related to our work. 

In the LRTH model, the global symmetry is U{4) x f/(4), with a diagonal subgroup 
SU{2)l X SU{2)r X U{X)b-l gauged. Two Higgs flelds, H and H, are introduced and 
each transforms as (4,1) and (1,4) respectively under the global symmetry. They are 
written as 



i/= , H=\ r \ . (1 





where H^ji and Hiji are two component objects which are charged under the SU{2)l x 
SU{2)ji X U{1)b-l as 

Hl and Hl: (2,1,1), Hr and Hr : (1,2,1). (2) 

After Higgses develop vacuum expectation values (vevs) as (H) = (0, 0, 0, /) and (H) = 
(0, 0, 0, /), which break the U(A) x U(A) global symmetry as well as the gauge symmetry 
SV(2)r X U(1)b_l down to the SM U(l)y. 

After the electroweak breaking of SU(2)l x U(1)y, three Goldstone bosons are eaten 
by the massive gauge bosons W^ and Z in the SM, their masses can be given by 

M^ = ^glf sin' X, (3) 



where x = v /(y2f) and v = 246GeV is the electroweak scale, gy is the SM hj^ercharge 
coupling, Mwjj is the W^ mass, the values of / and / will be bounded from below by 
electroweak precision measurements. 

In order to give the top quark mass of the order of the electroweak scale, a pair of 
vector-like quarks Ql and Qr is introduced. The mass eigenstates, which contain one of 



the SM-like top quark t and a heavy top partner T, are mixtures of the gauge eigenstates. 
Their masses are given by 



m? = ^(M^ + y'f - Nt), M| = ^(M^ + y^f + Nt] 



(5) 



where Nt = ^{y'^P + M^f - y^f^ sin^ 2x. 

At the leading order, the mixing angles for the left-handed and right-handed fermions 
are 



M 
rriT 

sr ~ (1 -|- sin x) 

rriT 



(6) 

(7) 



where M is the mass parameter essential to the mixing between the top quark t and its 
partner T. 

III. SINGLE VECTOR-LIKE TOP PRODUCTION VIA PROCESS e-7 -^ i^efb 




T(pi) 7(P2) •'\/\/\/\/\/\/\/V 



FIG. 1: Feynman diagrams of the process 67—)- I'eTb in the left-right twin Higgs model. 

At a linear collider the single vector-like top quarks can be produced from the following 
two processes: 



T : e"'"7 — )■ z/gTfe, T : e 7 — )■ UeTb 



where the photon comes from the original incoming electron and positron, respectively. 
The relevant Feynman diagrams of the process e~7 — )■ UgTb in the LRTH model are shown 
in Fig.l. 

The invariant production amplitudes of the process e~7 — ?■ UeTb can be written as: 



M=Ma + Mb + Mc + Md (9) 



with 



Ma = ep{p,)u{p,)V{^,XPiMP5)V^TAPdVwt- 



WW-y 



{pi - V^Y - "^?F (P4 + V^f - m 



2 

w 



(10) 



Mb = ep{p2)u{pz)V^^ ^J,\_^ V^eeU{.Pl)u{p5)VwTbV{.PA) 

-igi^u 



{P4 +P5y - m 



2 

w 



:iii 



1 
Mc = £p{P2MP3)yWue'^{PlMP5)VwTb72 Z^ V^%v{p^) 

-igfiu 



ipi -PsV -m 



W 



Md = £piP2Mp3)V^^^u{pi)u{p5)V^^^— — V^TbHPi 

-ig^u 



(12) 



(13) 



(Pi -P^Y -rri^ 

where V denotes the three-point vertices of the particles, the relevant Feynman rules can 
be found in Ref. [7|. 

With the above amplitudes, we can directly obtain the production cross section a{s) 
for the subprocess e~7 — )■ VgTh, which can be obtained by folding a{s) with the photon 
distribution function|8[: 



where 



with 



a{tot) = / dxa{s)fj{x), (14) 

'(mT+mj,)2/s 



i'K) = (i-|-^)Hi + f) + i + f-^(^. (16) 



where ^ = ^^°!^o , Eq and coq are the incident electron and laser light energies, and x = 
u/Eq. f^ vanishes for x > Xmax = ^max/Ee = ^/(l + 0- We require UoXmax < ml/E^ 
which implies that ^ < 2 + 2v2 ^ 4.8. We choose ^ = 4.8, then obtain 



D{^n 



1.8. 



:i7) 



For simplicity, the possible polarization for the electron and photon beams have been 
ignored, and the number of the backscattered photons produced per electron is assumed 
to be one. 

We take the SM parameters used in our calculations as|9| 

Gf = 1.16637 X 10"^GeV~^ S^ = 0.231, a^ = 1/128, 

Mz = 91.2GeV, nit = 174.3GeV, Tz = 2.436GeV. (18) 

The relevant LRTH parameters in our calculation are the scale /, the mass parameter 
M and the heavy top quark mass rriT- Recently, the ATLAS Collaboration presented 
a search that vector-like top quark with mass lower than 656 GeV is excluded at 95% 
confidence level[10|. Earlier, the CMS Collaboration presented a search that vector-like 
top quark mass below 557GeV is excluded at 95% confidence level HI]. Considering these 
constraints to the relevant LRTH parameters, we take M = 150GeV and make the my 
and / satisfy Eq. (5) at all times. 
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FIG. 2: The production cross section a as functions of the center-of-mass energy y/s (a) and the 
scale /(b). 



In Fig. 2 (a), we discuss the dependance of the production cross section a on the center- 
of-mass energy -\/s for / = SOOGeV. We can see that the cross section a becomes lager 
with the ^/s increasing. 

In Fig. 2(b), we discuss the dependance of the production cross section o on the scale 
/ for i/i = ISOOGeV, 2000GeV, respectively. We can see the o decreases as the scale / 
increases, which means that the vector-like top quark production cross section decouples 
with the scale / increasing. The maximum of the production cross section can reach 
0.17fb for yi = ISOOGeV and 0.25fb for ^s = 2000GeV, respectively. If we take the 
integrated luminosity Cint — 500 fb~^, there will be 125 events produced each year with 
v/i=2TeV. 

In Fig. 3, we display the normalized transverse momentum distribution, the normalized 
distribution for the missing energy and the normalized rapidity of bottom quark of the 
process e~7 — )■ Ueib in the SM and the process e~7 — )■ UeTb in the LRTH model. 
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FIG. 3: Normalized differential distributions for the SM top quark and the heavy top quark 
transverse momentum (a), the missing energy (b) and the rapidity of the bottom quark (c) for 
y/s = ISOOGeV. 



In Fig. 3 (a), we show the normalized transverse momentum distribution behaviour of 
the SM top quark and the heavy top quark. As the neutrino comes from the initial state 
positron after emitting a W boson, the heavy top quark transverse momentum peaks at 
~ Mvi//2, which is very similar to the transverse momentum distribution behaviour of the 
SM top quark. 



In Fig.3(b), we show the norinahzed distribution for the missing energy ^^ carried by 
the final-state neutrino. Compared with the SM top quark, the peak of the normahzed 
distribution moves to the low energy region. With the scale / increasing, this peak of the 
normalized distribution moves to the left. If we take a relevant missing energy I^t cut, 
such as-^T < SOOGeV for / = SOOGeV, the SM background can be suppressed effectively. 
Considering the subsequent decay of the heavy top quark, the main signal is 4 b jets + 
one charged lepton (e or yu) + energy ^t- Because the additional b jet carries off energy, 
the peak of the missing energy ^^ in the LRTH model is lower than the peak in the SM. 

In Fig.3(c), we show the normalized rapidity distribution of bottom quark. The WW'j 
diagram (Fig. 1(a)) corresponds to a virtual W boson moving in the positive rapidity region 
to balance the u emitted from the incoming e~. This virtual W boson's decay products, 
the b and i quarks, lead to the small kink in the right region. By contrast, the same thing 
happens in the process e~7 — )■ UgTb, but the difference is that the kink is smaller due to 
the large mass of the heavy top quark. 

IV. CONCLUSIONS 

In this paper, we studied the single vector-like top production process e^7 — )■ UeTb in 
the LRTH model. The result shows that there will be 125 events produced each year 
with ^/s=2^eV and the integrated luminosity Cmt — 500/6~^ at small value of the scale 



/ around 650 GeV. Now, by the b-quark tagging efficiency of 70%[l2| and the relevant 
missing energy ^7^ cut, this new effects will help to test the LRTH model and probe the 
new physics at the ILC. 
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